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Abstract
We explore the postulates of string no-scale supergravity in the context of
free-fermionic string models. The requirements of vanishing vacuum energy, flat
directions of the scalar potential, and stable no-scale mechanism impose strong
restrictions on possible string no-scale models, which must possess only two or
three moduli, and a constrained massless spectrum. The soft-supersymmetry-
breaking parameters involving all twisted and untwisted fields are given ex-
plicitly. This class of models contain no free parameters, i.e., in principle all
supersymmetric particle masses and interactions are completely determined.
A computerized search for free-fermionic models with the desired properties
yields a candidate SU(5)×U(1) model containing extra (10,10) matter repre-
sentations that allow gauge coupling unification at the string scale. Our can-
didate model possesses a bening non-universal assignment of supersymmetry
breaking scalar masses, which may have interesting low-energy experimental
consequences.
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1 Introduction
Experiments at LEP and the Tevatron have given the strongest to-date support to
the Standard Model of the strong and electroweak interactions. Yet despite all this
experimental evidence, physicists believe that this model is incomplete. One possible
completion of the Standard Model is embedded in the physics of supersymmetry. In
fact, the same experimental evidence confirming the Standard Model, can also be used
to support its supersymmetric extension. This can be seen through the unification
of the gauge couplings at very high energies in supersymmetric models, but perhaps
more pervasively from the fact that supersymmetric models have built-in mechanisms
that make them look almost identical to the Standard Model at presently available
facilities. This extreme similarity with the Standard Model occurs at the tree-level
for energies below the threshold for production of supersymmetric particles, and also
at one-loop if the supersymmetric mass scales exceed the electroweak scale. This
similarity is not totally devoid of predictivity, since in supersymmetric models the
lightest Higgs boson is expected to be light (mh ∼ MZ). In view of these facts,
attention has turned strongly towards supersymmetric models, in particular those
that can be understood as low energy limits of more fundamental theories, such as
grand unification, supergravity, and superstrings. These models are highly predictive,
with all supersymmetric physics typically dependent on four or less parameters.
Four-parameter supersymmetric models are obtained as low-energy effective
supergravity models with assumed universal soft-supersymmetry-breaking terms: the
scalar mass (m0), the gaugino mass (m1/2), the trilinear scalar coupling (A), and (at
low energies) the ratio of Higgs vacuum expectation values (tan β). Most phenomeno-
logical analyses are content with exploring such a four-dimensional parameter space.
However, theoretically speaking it is not clear that all possible combinations of these
parameters are consistent, since in a specific supergravity model, i.e., one specified by
the Ka¨hler function G and the gauge kinetic function f , the parameters m0, m1/2, A
can be explicitly calculated in terms of the gravitino mass (m3/2). Guidance in this
matter has come from string-inspired choices for G and f , which lead to simple val-
ues for the ratios m0/m1/2 and A/m1/2, and thus to two-parameter supersymmetric
models.1
Despite this great reduction in the model parameters, several questions remain
unanswered: (i) can one construct an explicit string-derived model where the various
ratios of soft supersymmetry breaking terms are calculated, and at the same time
the usual low-energy phenomenology is explained? (ii) does this model possess a
sufficiently suppressed cosmological constant? (iii) how is the scale of supersymmetry
breaking (m3/2) determined in such model? This model would be a “no-parameter”
model.
No-scale supergravity [1] provides satisfactory answers to the latter two ques-
tions, i.e., vanishing cosmological constant (at the tree level) and dynamical determi-
1Note however that such parametrization may be inadequate since non-universal scalar masses
are not uncommon in string-derived supergravities.
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nation of m3/2 via the no-scale mechanism. String no-scale supergravity is postulated
to be the subset of string models which can provide satisfactory answers to all three
questions. This subset is rather restricted, since in practice it is seen that most known
string models do not obey the postulates of string no-scale supergravity.
Our purpose in the present paper is to explore the postulates of string no-scale
supergravity in the context of fermionic string models. Our investigations lead to a
set of constraints on the spectrum and interactions in realistic string models, as well
as to novel predictions for the soft-supersymmetry-breaking parameters. We are also
able to provide an existence proof that realistic string no-scale supergravity models
do exist. A search for models of this type with the gauge group SU(5)×U(1) turns up
a rather interesting phenomenon: among the class of models which we have explored,
a necessary condition to satisfy the postulates of no-scale supergravity appears to
be the existence in the spectrum of extra (10,10) matter representations that allow
gauge coupling unification at the string scale.
This paper is organized as follows. In Sec. 2 we summarize the postulates of
no-scale supergravity and the no-scale mechanism. In Sec. 3 we discuss the Ka¨hler
potential and the superpotential in free-fermionic string models, and compute the
vacuum energy, and the quantity StrM2. We also discuss the conditions under which
these quantities would vanish, as required in no-scale models. In Sec. 4 we compute
the soft-supersymmetry-breaking parameters, including the Goldstino composition,
the gaugino and scalar masses and the A terms. We also discuss the origin of the µ
term and the associated parameter B. In Sec. 5 we discuss the normalization of the
fields and how these affect the observable Yukawa couplings. In Sec. 6 we perform a
search for realistic string no-scale free-fermionic models, and present evidence for the
conjecture mentioned in the previous paragraph. We also study the supersymmetry-
breaking parameters in the candidate model found. Finally, in Sec. 7 we summarize
our conclusions, in Appendix A we collect some details about the transformation
between the string and supergravity bases, and in Appendix B we give details of the
calculation of the twisted sector Ka¨hler potential in a specific model.
2 No-scale supergravity
A supergravity theory is specified by two functions, the Ka¨hler function
G = K + ln |W |2 , (1)
where K is the Ka¨hler potential and W the superpotential, and the gauge kinetic
function f . All masses and interactions are explicitly calculable from these inputs.
In particular, the (tree-level) scalar potential is given by
V = eG(GIGI − 3) + VD , (2)
where the sum is over all scalar fields in the spectrum, GI = ∂IG, G
I = GIJ¯GJ¯ , and
GIJ¯ is the inverse Ka¨hler metric (i.e., the transpose of the inverse of GIJ¯ = KIJ¯).
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The second term in Eq. (2) is the contribution from the D-terms; we will assume in
what follows that this vanishes at the minimum of the potential. The scalar potential
is used to determine the vacuum, its energy, and any flat directions it may have.
Also, small deviations around it determine the supersymmetry-breaking masses and
couplings of the scalar fields. Finally, derivatives of the Ka¨hler function determine
the supersymmetry-breaking masses of the (non-chiral) fermions, and derivatives of
the gauge kinetic function determine the supersymmetry-breaking gaugino masses.
Spontaneous breakdown of supergravity induces a mass for the gravitino
m3/2 =
〈
eG/2
〉
=
〈
eK/2 |W |
〉
. (3)
This relation shows that supersymmetry breaking can only occur if 〈W 〉 6= 0. All soft-
supersymmetry-breaking parameters are proportional to m3/2, with typically O(1)
coefficients of proportionality. Therefore, m3/2 values are expected to be not much
higher than the electroweak scale. Moreover, restoring the dimensions in Eq. (3) one
sees that the right-hand-side has units of 1018GeV and therefore a strong suppression
of eK/2 or 〈W 〉 is typically necessary. Two scenarios for 〈W 〉 6= 0 have received the
most attention in the literature: gaugino condensation in the hidden sector [2], giving
W ∼ e−bpi2/g2 ; and string tree-level breaking via coordinate-dependent compactifica-
tions [3], giving W ∼ 1.
No-scale supergravity is defined by three constraints on a supergravity model:
• The vacuum energy vanishes (V0 = 〈V 〉 = 0) by suitable choice of the Ka¨hler
function (G) [4].
• At the minimum of the potential there are flat directions (“moduli”) which leave
the value of m3/2 undetermined [5].
• The quantity StrM2 should vanish at the minimum. This constraint pro-
tects the potential from large one-loop corrections which would otherwise force
m3/2 = 0 or m3/2 =MP l [5].
These three constraints impose severe restrictions on the possible G and f functions.
Particularly non-trivial is the last one, i.e., StrM2 ≡ 2Qm23/2, with [5, 6]
Q = N − 1−GI(RIJ¯ −HIJ¯)GJ¯ , (4)
where N is the total number of chiral superfields, and
RIJ¯ = ∂I∂J¯ ln detGMN¯ , (5)
HIJ¯ = ∂I∂J¯ ln det Re (fab) . (6)
If the above three conditions are satisfied, the low-energy theory, obtained by
renormalization-group evolution from the Planck scale down to the electroweak scale,
will be undetermined to the extent that m3/2 is undetermined, as it depends on the
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undetermined moduli vacuum expectation values (VEVs). The low-energy one-loop
effective potential (Veff) then depends on the usual Higgs fields, as well as the moduli
fields. The no-scale mechanism [7] consists of minimizing this potential with respect
to all these fields, thus determining the Higgs and moduli vacuum expectation values.
The thusly determined moduli VEVs then determine m3/2, and therefore all of the
supersymmetry breaking masses.
The no-scale mechanism has an additional unsuspected consequence: it may
solve the strong CP problem [8]. Indeed, the equally undetermined imaginary parts
of the moduli fields leave the θQCD parameter undetermined, i.e., the potential in the
imaginary directions is also flat.2 According to the usual argument, non-perturbative
QCD dynamics at low energies determines θQCD = 0, which in our language corre-
sponds to lifting the imaginary flat directions, giving zero VEVs to the corresponding
fields.
In practice, this procedure is subtle and complicated by the existence of a
remnant vacuum energy term at high energies. This field-independent term (Cm43/2)
needs to be added to the low-energy effective potential to ensure its renormalization-
scale independence [10, 11, 12], i.e.,
Veff = Vtree +
1
64π2
StrM4
(
ln
M2
Q2
− 3
2
)
− Cm43/2 , (7)
where Vtree is the tree-level Higgs potential. It is worth mentioning that just as the
usual radiative breaking mechanism (i.e., minimization of Veff with respect to the
Higgs fields) does not always work, the no-scale mechanism may also not work. This
happens when the effective potential does not have a good minimum in the moduli
directions. In the case of a single modulus field (as we discuss below), it can be shown
that a necessary condition for a good minimum is StrM4 > 0 [12]. If the explicit
m3/2-dependent contribution to StrM4 is negative, then [12]
StrM4 > 0 =⇒ m3/2
mq˜
<∼ O(1) , (8)
which imposes restrictions on the allowed low-energy parameter space.
3 Fermionic string models
The discussion in the previous section can be applied to any supergravity or super-
string model. However, the requirement of StrM2 = 0 can only be investigated if the
full spectrum of the model is known, as in string models. We are interested in explor-
ing the three postulates of string no-scale supergravity in the context of string models
built within the free-fermionic formulation [13]. Our motivation for such choice is that
2This is certainly the case at tree-level in the Ka¨hler potential and for moduli-independent Yukawa
couplings. In free-fermionic models, moduli dependence of the superpotential does not arise until
the quartic order [9].
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fairly realistic models already exist in this construction [14, 15, 16, 17], and we would
like to know whether this class of models satisfies the postulates, or what constraints
may need to be imposed on model-building so that these postulates are satisfied.
3.1 Generalities
All of the level-one free-fermionic models built to date have been based on the simplest
supersymmetry-generating basis vector S. This choice is not unique, but should suffice
for our present purposes of investigating the viability of no-scale supergravity in free-
fermionic models. In this class of models, all states in the spectrum fall into three
sets, depending on the quantum numbers they carry with respect to some internal
symmetries of the two-dimensional world-sheet theory [18]. The spectrum further
divides itself into two sectors: untwisted and twisted. More specifically, all matter
fields carry charges under three world-sheet U(1) currents. The sum of these three
currents provides the additional current which extends the manifest N = 1 world-
sheet supersymmetry toN = 2 world-sheet supersymmetry [18], as required forN = 1
space-time supersymmetry to exist. The scalar components of untwisted (or Neveu-
Schwarz) matter superfields carry one of three possible types of charges, whereas the
twisted matter superfields carry two of them, i.e.,
Untwisted Twisted
First set {1, 0, 0} {0, 1
2
, 1
2
}
Second set {0, 1, 0} {1
2
, 0, 1
2
}
Third set {0, 0, 1} {1
2
, 1
2
, 0}
(9)
The charges of their fermionic partners are obtained by a uniform shift of {−1
2
,−1
2
,−1
2
}.
From these charge assignments it follows immediately what kind of cubic superpo-
tential couplings are allowed in a model. Indeed, the sum of the charges of the three
fields in question must be {1, 1, 1}; charge conservation follows from the two required
shifts by {−1
2
,−1
2
,−1
2
}, since a cubic coupling contains two fermionic fields and one
scalar field. Thus, one gets five types of cubic couplings
U (1) U (2) U (3) U (1) T (1) T (1) T (1) T (2) T (3)
U (2) T (2) T (2)
U (3) T (3) T (3)
(10)
where U (I) [T (I)] denotes a generic untwisted (twisted) field belonging to the I-th set.
Several features of the Ka¨hler function for the untwisted sector of such models
had been known for some time [19], and have been recently further clarified, extended,
and applied to specific models in Ref. [20]. The corresponding contributions from the
twisted sector have been known for some time in simple models [21], and have been
only recently calculated in realistic models [22]. Abstracting all that is known about
free-fermionic models, we write
G = − ln(S + S¯) + ∑
I=1,2,3
K(I) +KTS + ln |W |2 , (11)
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with
K(I) = − ln
[
1−
nI∑
i
αiα¯i +
1
4
(
nI∑
i
α2i
)(
nI∑
i
α¯2i
)]
, (12)
where nI represents the number of untwisted fields in set I, and set-indices I = 1, 2, 3
on the αi (i.e., α
(I)
i ) are understood. (The twisted sector contribution KTS will be
addressed below.) The Ka¨hler function in Eqs. (11),(12) is written in the “string ba-
sis”. For purposes of low-energy effective supergravity analyses, it is more convenient
to make suitable field redefinitions of the αi to exhibit the moduli fields that may
be present in the spectrum, i.e., to go from the “string basis” to the “supergravity
basis”. In the class of fermionic models which we consider here, three possibilities for
the untwisted moduli space of any of the sets were identified in Ref. [20]:
(i) [SU(1, 1)/U(1)]2, with two moduli fields denoted by τ1, τ2 (a “τ1, τ2 set”).
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(ii) SU(1, 1)/U(1) with one modulus field denoted by τ (a “τ set”).
(iii) No moduli at all (an “α set”).
Whichever of the three possibilities may be realized for a given set depends on the
choice of basis and GSO projections of the fermionic model. In what follows, if a set
has any modular symmetry at all, we perform a field redefinition of the fields in that
set which leaves the Ka¨hler function (G) unchanged. (Details of these manipulations
are given in Appendix A.) The redefined K(I) are given by:
• τ1, τ2 set:
K = − ln
[
(τ1 + τ¯1)(τ2 + τ¯2)−
nφ∑
i
(φi + φ¯i)
2
]
, (13)
where nφ = nI−2, since two of the αi are transformed into the moduli τ1, τ2. The
scalar fields parametrize the Ka¨hler manifold SO(2, 2 + nφ)/SO(2) × SO(2 +
nφ), which has as a subspace the moduli space SO(2, 2)/SO(2) × SO(2) ≈
[SU(1, 1)/U(1)]2.
• τ set:
K = − ln
[
(τ + τ¯ )2 −
nψ∑
i
(ψi + ψ¯i)
2
]
, (14)
where nψ = nI − 1, since one of the αi is transformed into the modulus τ . The
scalar fields parametrize the Ka¨hler manifold SO(2, 1+nψ)/SO(2)×SO(1+nψ),4
which has as a subspace the moduli space SO(2, 1)/SO(2) ≈ SU(1, 1)/U(1).
3In Ref. [20], τ1, τ2 were denoted by T, U . Such notation would cause confusion here.
4We note that in the old no-scale models [5], the Ka¨hler potential was assumed to be of the form
K ∝ ln(T + T¯ −∑iCiC¯i), which yields the metric of the space SU(1, nC + 1)/U(1)× SU(nC + 1).
The old no-scale ansatz and the string free-fermionic τ -set result agree only for nψ = nC = 0.
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The modular symmetries exhibited above can be extended from the Ka¨hler
potential (K) to the whole Ka¨hler function (G = K + ln |W |2) if the matter fields
have suitable transformation properties under the modular symmetries [20]. In fact,
the superpotential should transform as a modular form of weight −1. For instance,
if the modulus field in question belongs to the first untwisted set, then the modular
weights of the matter fields are the negative of the first world-sheet U(1) charge in
Eq. (9), i.e.,
U (1) −1 T (1) 0
U (2) 0 T (2) −1
2
U (3) 0 T (3) −1
2
(15)
With this modular weight assignment one can verify that all cubic superpotential
couplings in Eq. (10) have modular weight −1. A similar argument holds for moduli in
the other sets. When quartic or higher-order superpotential couplings are considered,
the resulting modular weight imbalance has to be compensated by the insertion of
suitable powers of the Dedekind eta function [9].
It is important to reiterate that modular symmetries inferred from the Ka¨hler
potential must be respected by the whole Ka¨hler function. If presumed moduli fields
appear in the cubic superpotential, then the symmetry is explicitly broken and the
presumed moduli are to be discarded. This phenomenon is quite common in free-
fermionic models and has the beneficial effect of reducing the number of moduli in
the model. Therefore, in what follows, when discussing the number and type of
moduli and their impact on the vacuum energy and other properties of the models,
we refer to fields which have been indentified as untwisted moduli and that have no
superpotential couplings.
The twisted sector contribution to the Ka¨hler potential (KTS) has been ob-
tained some time ago for simple models with a specific type and number of twisted
sectors [21]. It turns out that the result found in Ref. [21] in fact applies to realistic
free-fermionic models with a large number of twisted sectors [22] (see Appendix B for
details). The result is
KTS =
nT1∑
i
β
(1)
i β¯
(1)
i e
1
2
[K(2)+K(3)]+
nT2∑
i
β
(2)
i β¯
(2)
i e
1
2
[K(1)+K(3)]+
nT3∑
i
β
(3)
i β¯
(3)
i e
1
2
[K(1)+K(2)] (16)
where the β
(I)
i are twisted sector fields that belong to the I-th set, nT1,T2,T3 are the
numbers of these fields, and K(1,2,3) are given in Eq. (12). It is important to realize
that this result is only valid to lowest order in the twisted matter fields.
3.2 Computation of V0
The computation of the scalar potential in Eq. (2) requires the knowledge of GIJ¯ ,
i.e., the transpose of the inverse of the matrix of second derivatives of the Ka¨hler
potential. The computation is simplified by that fact that the matrix GIJ¯ = KIJ¯
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possesses a block-diagonal form once the twisted sector matter fields are set at their
zero vacuum expectation values. Indeed, schematically we have
KIJ¯ ∼

U (1) U (2) U (3) T (1) T (2) T (3)
U (1) XU (1) [T
(3)]2 [T (2)]2 0 T (2) T (3)
U (2) [T (3)]2 XU (2) [T
(1)]2 T (1) 0 T (3)
U (3) [T (2)]2 [T (1)]2 XU (3) T
(1) T (2) 0
T (1) 0 T (1) T (1) XT (1) 0 0
T (2) T (2) 0 T (2) 0 XT (2) 0
T (3) T (3) T (3) 0 0 0 XT (3)

. (17)
At this point of the calculation all derivatives have been taken and we can set〈
T (1,2,3)
〉
= 0, which reveals the block-diagonal structure with
KIJ¯ = diag {X−1
U (1)
, X−1
U (2)
, X−1
U (3)
, X−1
T (1)
, X−1
T (2)
, X−1
T (3)
} . (18)
(There is an additional contribution to KIJ¯ from the dilaton field.) For each of
these blocks one can compute GIGI = G
IJ¯GJ¯GI . This calculation depends on the
superpotential since GI = KI + ∂I lnW , i.e.,
GIGI = K
IKI +K
I∂I lnW +K
I¯∂I¯ lnW +K
IJ¯∂I lnW∂J¯ lnW . (19)
With the help of Mathematica [23] we obtain for the untwisted fields
Dilaton :
[
KIKI
](S)
= 1 . (20)
τ1, τ2 set :
[
KIKI
](τ1,τ2)
= 2 (∀ nφ) . (21)
τ set :
[
KIKI
](τ)
= 2 (∀ nψ) . (22)
α set :
[
KIKI
](α)
=
nI∑
i
αiα¯i . (23)
We do not show the corresponding results for the twisted fields since
〈
KIKI
〉
= 0 in
this case (i.e., 〈Kβ〉 ∝
〈
β¯
〉
= 0). The scalar potential then becomes
V = eG
[{
1, λf = 1
(S + S¯)2|GS|2, λf = 0
}
+ 2nτ1τ2 + 2nτ + nα
nI∑
i
αiα¯i − 3 + F (β, ∂ lnW )
]
,
(24)
where the sum of the three kinds of sets nτ1τ2 + nτ + nα = 3 is fixed. The term
nα
∑
i αiα¯i is meant to represent however many α-set contributions may exist in a
given model. Also, λf = 1 indicates that W does not depend on S, whereas λf = 0
indicates thatW does depend on S in which case GS = −1/(S+ S¯)+(∂SW )/W . The
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contributions which depend on ∂I lnW , ∂I¯ lnW , or the twisted fields are collectively
denoted by F (β, ∂ lnW ). The minimum of the potential is given by
V0 = e
G [λf + 2nτ1τ2 + 2nτ − 3] , (25)
with 〈α〉 = 〈β〉 = 0, 〈∂I lnW 〉 = 0,5 and if λf = 0 also
〈
−1/(S + S¯) + (∂SW )/W
〉
= 0.
In view of Eq. (25), there are only two choices for the untwisted modular
symmetry which are consistent with V0 = 0, namely
λf nτ1τ2 nτ nα
1 1 0 2
1 0 1 2
Moduli
S, τ1, τ2
S, τ
(26)
Note that the dilaton is required to be a modulus field, and that only one set con-
tributes moduli fields. If these requirements are satisfied, we would obtain a model
with zero vacuum energy and flat directions, thus satisfying the first two no-scale
supergravity postulates. Moreover, the gravitino mass is given by (see Eq. (3))
m23/2 =

〈|W |2〉
〈(S+S¯) [(τ1+τ¯1)(τ2+τ¯2)−∑i(φi+φ¯i)2]〉〈|W |2〉
〈(S+S¯) [(τ+τ¯)2−∑i(ψi+ψ¯i)2]〉
(27)
for each of the two cases in Eq. (26), and is undetermined as anticipated. In these
equations the values of 〈φi, ψi〉 are determined by the flatness conditions 〈∂I lnW 〉 = 0
(typically 〈φi〉 = 〈ψi〉 = 0).
3.3 Computation of Q
We now compute Q using the formula in Eq. (4). The basic quantity to be computed
is the determinant of GMN¯ = KMN¯ . Since we know the untwisted sector contribution
to K exactly, whereas we only have a first-order approximation to the twisted sector
contribution (see Eq. (16)), we address the untwisted sector first. As in the compu-
tation of GIGI above, the KMN¯ matrix is block-diagonal (three untwisted sets and
the dilaton) and (with the help of Mathematica) we obtain
Dilaton : [detGMN¯ ]
(S) = (S + S¯)−2 . (28)
τ1, τ2 set : [detGMN¯ ]
(τ1,τ2) = 2nφ
[
(τ1 + τ¯1)(τ2 + τ¯2)−
nφ∑
i
(φi + φ¯i)
2
]−nφ−2
(29)
τ set : [detGMN¯ ]
(τ) = 2nψ+1
[
(τ + τ¯)2 −
nψ∑
i
(ψi + ψ¯i)
2
]−nψ−1
(30)
α set : [detGMN¯ ]
(α) =
[
1−
nI∑
i
αiα¯i +
1
4
(
nI∑
i
α2i
)(
nI∑
i
α¯2i
)]−nI
(31)
5Since F (β, ∂ lnW ) is generally a complicated expression, it may be possible to find spe-
cial minima for particular non-zero values of 〈∂I lnW 〉. In the case of the old no-scale models,
F (β, ∂ lnW ) =
∑
i |∂Ci lnW |2 > 0 [5], and therefore 〈∂Ci lnW 〉 = 0 is required.
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From these results and Eqs. (11,12,13,14) we see that RIJ¯ = ∂I∂J¯ ln detGMN¯ for each
block is just a multiple of GIJ¯ for that block, i.e.,
Dilaton : [RIJ¯ ]
(S) = 2G
(S)
SS¯ . (32)
τ1, τ2 set : [RIJ¯ ]
(τ1,τ2) = (nφ + 2)G
(τ1,τ2)
IJ¯
(33)
τ set : [RIJ¯ ]
(τ) = (nψ + 1)G
(τ)
IJ¯
(34)
α set : [RIJ¯ ]
(α) = nIG
(α)
IJ¯
(35)
With the above observation, the quantity that appears in Q can be readily obtained:
for each block GIRIJ¯G
J¯ ∝ GIGIJ¯GJ¯ = GIGI , and these quantities have been given
in Eqs. (20)–(23) (at the minimum
〈
GIGI
〉
=
〈
KIKI
〉
).
The computation of Q also involves evaluating HIJ¯ = ∂I∂J¯ ln det Re (fab). In
string models, fab receives tree-level and one-loop contributions only [24]. Writing
fab = δabS+ f
1−loop (suitable for level-one Kac-Moody constructions), and neglecting
the one-loop contribution, we obtain det Re (fab) = [
1
2
(S + S¯)]df , where df is the
dimension of the gauge group (df ≫ 1). Also, HSS¯ = −dfGSS¯ and the contribution
to Q is GIHIJ¯G
J¯ = −dfGSGS = −λfdf (at the minimum).
The total contribution to Q is then
Q = [1 + (2 + nφ)nτ1τ2 + (1 + nψ)nτ + nInα]− 1
− [{2λf + 2(nφ + 2)nτ1τ2 + 2(nψ + 1)nτ}+ λfdf ]
+QTS , (36)
where the terms are displayed in correspondence with those in Eq. (4), and QTS is the
twisted sector contribution to Q. For the two cases in Eq. (26), which give V0 = 0,
we obtain
Q =
{
2nI − nφ − 4− df +QTS
2nI − nψ − 3− df +QTS , (37)
where “2nI” is meant to represent the sum of the untwisted fields in the two sets
which do not contain moduli.
Now let us address the twisted sector contribution to Q (i.e., QTS). Of the two
cases in Eq. (26), consistent with V0 = 0, the second case corresponds to a specific
string model which will be discussed in Sec. 6 below; we focus on this case in what
follows. The complete Ka¨hler potential in this case is (see Appendix B for details)
K = − ln(S + S¯)− ln
[
(τ + τ¯ )2 −
nψ∑
i
(ψi + ψ¯i)
2
]
+
nU2∑
i
α
(2)
i α¯
(2)
i +
nU3∑
i
α
(3)
i α¯
(3)
i
+
nT1∑
i
β
(1)
i β¯
(1)
i +
1[
(τ + τ¯ )2 −∑nψi (ψi + ψ¯i)2]1/2
(
nT2∑
i
β
(2)
i β¯
(2)
i +
nT3∑
i
β
(3)
i β¯
(3)
i
)
(38)
which is valid to first order in the twisted fields β
(1,2,3)
i , and the untwisted fields α
(2,3)
i ,
and corresponds to 2nI = nU2 + nU3 in Eq. (37). The contribution to QTS from the
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first twisted set comes only from the nT1 contribution to the total number of chiral
superfields (N) in Eq. (4), sinceKβ(1)β¯(1) = 1 has unit determinant and thus Rβ(1)β¯(1) =
0. The second and third twisted sets contribute to N (nT2, nT3), and in principle get
tangled up with the fields in the first untwisted set (τ, ψi). However, since
〈
Gβ(2,3)
〉
=
0, we only need to worry about their possible additional contributions to [RIJ¯ ]
(τ) in
Eq. (34). This means that in this enlarged determinant (involving τ, ψi, β
(2)
i , β
(3)
i )
we can set β
(2,3)
i = 0 after calculating the derivatives but before calculating the
determinant. The enlarged determinant is then the one given in Eq. (30) times the
factor
[
(τ + τ¯ )2 −∑nψi (ψi + ψ¯i)2]−(nT2+nT3)/2. That is, the exponent in Eq. (30) and
the coefficient in Eq. (34) receive a further contribution of −(nT2+nT3)/2. The result
for Q is then
Q = [1 + (1 + nψ) + nU2 + nU3 + nT1 + nT2 + nT3]− 1
−[{2 + 2(nψ + 1 + (nT2 + nT3)/2)}+ df ]
= nU2 + nU3 + nT1 − nψ − df − 3 . (39)
What are the prospects for obtaining Q = 0? In typical models one observes
that nU2 ∼ nU3 ∼ nψ ∼ O(10) ≪ nT1. On the other hand df > dSM = 12, although
in realistic models we expect a number significantly exceeding this lower bound since,
e.g., the hidden sector gauge group needs to be large enough for supersymmetry
breaking via gaugino condensation to occur at a sufficiently high scale; a typical
value would be df ∼ O(50 − 100). Thus, it is not inconceivable that models can
be found where the various contributions to Q cancel each other out. In Sec. 6 we
exhibit a model where this cancellation is almost perfect.
4 Soft-supersymmetry-breaking parameters
With the knowledge of the Ka¨hler function, the scalar potential, and the gauge ki-
netic function one can compute the usual soft-supersymmetry-breaking parameters
on which the low-energy model predictions depend so crucially.
4.1 Goldstino composition
Before we proceed with these calculations, it is instructive to determine the field
dependence of the goldstino field, which has received considerable attention in “model-
independent” approaches to this problem. The goldstino, which is eaten by the
gravitino upon spontaneous breaking of supergravity, is given by
η˜ =
〈
eG/2GI
〉
χI , (40)
where χI are the fermionic partners of the scalar fields which appear in the scalar
potential (2). At the minimum of the scalar potential we have 〈Gα,β〉 = 0. In
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computing the GI derivatives, for present purposes it suffices to approximate the
Ka¨hler function in Eqs. (13),(14) in the limit where the ψi, φi fields have vevs much
smaller than the moduli vevs. This gives
Dilaton : 〈GI〉(S) = −λf(S + S¯)−1 (41)
τ1, τ2 set : 〈GI〉(τ1,τ2) ≈ {−(τ1 + τ¯1)−1,−(τ2 + τ¯2)−1,
2(φi + φ¯i)[(τ1 + τ¯1)(τ2 + τ¯2)]
−1} (42)
τ set : 〈GI〉(τ) ≈ {−2(τ + τ¯ )−1, 2(ψi + ψ¯i)(τ + τ¯ )−2} (43)
These results can be substituted back into Eq. (40) to obtain η˜. The final step is to
express the χI fields in terms of the properly normalized χ̂I fields. This operation
entails a rescaling of the fields which will be discussed in detail in Sec. 5. Let us just
quote the results:
Ŝ =
S〈
S + S¯
〉 , τ̂1 = τ1〈τ1 + τ¯1〉 , τ̂2 = τ2〈τ2 + τ¯2〉 , τ̂ =
√
2 τ
〈τ + τ¯〉 , (44)
φ̂i =
√
2φi
〈(τ1 + τ¯1)(τ2 + τ¯2)〉1/2
, ψ̂i =
√
2ψi
〈τ + τ¯〉 . (45)
The goldstino fields corresponding to the two cases in Eq. (26) are then
η˜ ∝

Ŝ + τ̂1 + τ̂2 +
√
2
∑nφ
i
〈φi+φ¯i〉
〈(τ1+τ¯1)(τ2+τ¯2)〉1/2 (φ̂i +
̂¯φi)
Ŝ +
√
2 τ̂ +
√
2
∑nψ
i
〈ψi+ψ¯i〉
〈τ+τ¯〉 (ψ̂i +
̂¯ψi) −→ η˜ =

1√
3
(Ŝ + τ̂1 + τ̂2)
1√
3
(Ŝ +
√
2 τ̂ )
(46)
where the second form holds in the limit 〈ψi, φi〉 ≈ 0. Thus, we get a goldstino
field which contains substantial components of both “dilaton” and “moduli”. Note
that, in principle light matter fields also appear, although their contribution is highly
suppressed, by a factor 〈φ〉 / 〈moduli〉 ∼ O(102/1018).
4.2 Gaugino masses
The properly normalized gaugino masses are obtained from the expression
Ma =
eG/2
2Re fa
∑
I
∂Ifa G
I , (47)
where the sum over I runs over all matter fields which fa depends on. For fa we use
the following one-loop (although correct to all orders) expression [24]
fa = kaS − 116pi2B(τ1,τ2)a ln |η(τ1)η(τ2)|4 · nτ1τ2 − 116pi2B(τ)a ln |η(τ)|4 · nτ , (48)
where the level of the Kac-Moody algebra is one (ka = 1), and η is the Dedekind
eta function. Also, Ba is a quantity which depends on the massless sector of the
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theory and their modular weights, as well as on the coefficient δGS which arises in the
Green-Schwarz modular-anomaly cancellation. For our present purposes, a detailed
specification of Ba is not required. The derivatives ∂Ifa in the expression for Ma
are non-zero only for S, τ1, τ2, τ . One obtains, e.g., ∂τ1fa =
1
16pi3
B(τ1,τ2)a Ĝ2(τ1), where
Ĝ2(τ1) = G2(τ1) − 2π/(τ1 + τ¯1), and the Eisenstein function G2 is related to the
Dedekind function via G2(τ1) = −4π∂τ1 ln η(τ1) [25]. We also note that Ĝ2(τ1) has
zeroes at τ1 = 1, e
ipi/6.
The other ingredient in the expression for Ma is G
I = GIJ¯GJ¯ = K
IJ¯(KJ¯ +
∂J¯ lnW ) = K
IJ¯KJ¯ = K
I at the minimum. This expression can be evaluated, with
the result
Dilaton : [KI ](S) = −(S + S¯) , (49)
τ1, τ2 set : [K
I ](τ1,τ2) = {−(τ1 + τ¯1),−(τ2 + τ¯2),−(φi + φ¯i)} , (50)
τ set : [KI ](τ) = {−(τ + τ¯),−(ψi + ψ¯i)} , (51)
α set : [KI ](α) = {αi +O(α2i )} . (52)
With these results we finally obtain (only I = S, τ1, τ2, τ are relevant)
Ma =
m3/2
2Re fa
{
−(S + S¯)λf
− 1
16pi2
B(τ1,τ2)a [(τ1 + τ¯1)Ĝ2(τ1) + (τ2 + τ¯2)Ĝ2(τ2)] · nτ1τ2
− 1
16pi2
B(τ)a (τ + τ¯ )Ĝ2(τ) · nτ
}
. (53)
For the two cases in Eq. (26) λf = 1 and thus the tree-level contribution to Ma is
non-zero and therefore dominant, giving nearly (up to small one-loop corrections)
universal gaugino masses, i.e.,
Ma = m1/2 = m3/2 . (54)
4.3 Scalar masses
The scalar masses are obtained by taking second derivatives of the scalar potential.6
These masses have two sources: “supersymmetric” masses from the superpotential,
and supersymmetry-breaking masses from the Ka¨hler potential. For the untwisted
fields, the latter can be deduced from the expression for V given in Eq. (24) (only the
KIKI term in Eq. (19) matters). We see that neither the φi nor the ψi fields appear,
thus
m˜
φ̂i
= m˜
ψ̂i
= 0 , (55)
where m˜f represents the supersymmetry-breaking contribution to the mass of the
scalar field f . On the other hand, the αi do appear in V and their mass is given by
m˜α̂i = m3/2 . (56)
6One has to properly normalize the fields (e.g., ψ → ψ̂) to obtain the physical masses. The
normalization factors are given in Eqs. (44,45,86, 87,88), and can be trivial (i.e., 1) in many instances.
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In other words, untwisted sector fields in sets with moduli receive no (tree-level)
supersymmetry-breaking masses, whereas those in sets with no moduli receive a uni-
versal mass equal to the gravitino mass. Obviously, it also follows that the moduli
are massless (including the dilaton since λf = 1 is required).
Turning to the twisted field scalar masses, let us again consider the second
case in Eqs. (26,37), with the Ka¨hler potential given in Eq. (38). For the fields in
the first untwisted set [β
(1)
i ] it is clear that their (Ka¨hler potential) masses are equal
to those of the second [α
(2)
i ] and third [α
(3)
i ] untwisted set fields. Indeed, in this case
Kβ(1)β¯(1) = 1 and K
IKI =
∑nT1
i β
(1)
i β¯
(1)
i , and as expected
m˜
β̂
(1)
i
= m3/2 . (57)
The scalar masses of the second and third twisted set fields can be obtained by
considering the following portion of the Ka¨hler potential in Eq. (38)
K0(τ, τ¯) +K1(τ, τ¯ )
nψ∑
i
(ψi + ψ¯i)
2 +K2(τ, τ¯ )
(
nT2∑
i
β
(2)
i β¯
(2)
i +
nT3∑
i
β
(3)
i β¯
(3)
i
)
, (58)
with
K0 = − ln(τ + τ¯)2 , K1 = 1
(τ + τ¯ )2
, K2 =
1
τ + τ¯
, (59)
where we have performed an expansion to first order in both ψi and β
(2,3)
i . The
approximate expression in Eq. (58) is sufficient to compute the scalar masses. After
some algebra we obtain for this subset of the fields (i.e., τ, ψi, β
(2)
i , β
(3)
i )
KIKI =
K0τK0τ¯
K0τ τ¯
+2K1
[
1− K0τK1τ¯ +K0τ¯K1τ
2K1K0τ τ¯
− K0τK0τ¯
K0τ τ¯
K1K1τ τ¯ − 2K1τK1τ¯
2(K1)2K0τ τ¯
] nψ∑
i
(ψi + ψ¯i)
2
+K2
[
1− K0τK0τ¯
K0τ τ¯
(lnK2)τ τ¯
K0τ τ¯
](
nT2∑
i
β
(2)
i β¯
(2)
i +
nT3∑
i
β
(3)
i β¯
(3)
i
)
. (60)
That is
m˜2
ψ̂i
= 1− K0τK1τ¯ +K0τ¯K1τ
2K1K0τ τ¯
− K0τK0τ¯
K0τ τ¯
K1K1τ τ¯ − 2K1τK1τ¯
2(K1)2K0τ τ¯
, (61)
m˜2
β̂
(2)
i
= m˜2
β̂
(3)
i
= 1− K0τK0τ¯
K0τ τ¯
(lnK2)τ τ¯
K0τ τ¯
, (62)
where we have properly normalized the ψi and β
(2,3)
i fields by absorbing the overall
factors (see Eqs. (86,88)). For the choices of K0, K1, K2 in Eq. (59), the first term in
Eq. (60) is K0τK0τ¯/K0τ τ¯ = 2, as expected from the vacuum energy calculation above.
It also follows that m˜2
ψ̂i
= 0 (confirming the result in Eq. (55)) and the new result
m˜
β̂
(2)
i
= m˜
β̂
(3)
i
= 0 . (63)
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The expression for the β
(2,3)
i masses in Eq. (62) agrees with that given in Ref. [30];
the expression for the ψi masses is new.
To summarize, for the model with Ka¨hler potential given in Eq. (38), the scalar
masses of all fields are the following multiples of m3/2
U (1) : ψi 0 T
(1) : β
(1)
i 1
U (2) : α
(2)
i 1 T
(2) : β
(2)
i 0
U (3) : α
(2)
i 1 T
(3) : β
(3)
i 0
(64)
Note the close correlation between the scalar masses and the corresponding modular
weights of the matter fields given in Eq. (15) (where the same choice of moduli fields
was made). The scalar mass spectrum in Eq. (64) is non-universal. This situation
is likely to be an important model-building constraint, given what we know about
needed near-degeneracies in certain low-energy squark and slepton masses. For exam-
ple, data on K0−K¯0 mixing and leptonic flavor-changing decays like µ→ eγ strongly
constrain the mass differences for squarks and sleptons of the first two generations
with the same electric charge but of different flavor [26]. The scenario which appears
to emerge in string no-scale supergravity seems to explain this phenomenological re-
quirement naturally: since all light chiral matter fields usually arise from the twisted
sector, one would assign the first two generations to the second and third sets (with
vanishing scalar masses); the third generation could be assigned to any of the sets.
4.4 Fermion masses
Supersymmetry breaking can also induce masses for (non-chiral) fermions in real
representations of the gauge group. These (unnormalized) masses are given by the
following expression [6]
(Mf )IJ = m3/2
(
GIJ −GIJK¯GK¯ + 13GIGJ
)
. (65)
As above, we focus on the model with Ka¨hler potential given in Eq. (38). For fermions
in the second and third untwisted sets [α
(2,3)
i ] and in all of the twisted sets [β
(1,2,3)
i ]
one has GIJ ≡ 0 and 〈GI〉 = 0, and thus
m
α̂
(2)
i
= m
α̂
(3)
i
= 0 , m
β̂
(1)
i
= m
β̂
(2)
i
= m
β̂
(3)
i
= 0 . (66)
The remaining fields are S, τ, ψi. If we make the simplifying assumption 〈ψi〉 = 0
(i.e., 〈Gψi〉 = 0) one can show that the normalized fermion mass matrix reduces to
(Mf )IJ = m3/2

Ŝ τ̂ ψ̂j
Ŝ 2/3 −√2/3 0
τ̂ −√2/3 1/3 0
ψ̂i 0 0 δij
 . (67)
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To obtain this result we have made use of the various normalization factors given in
Eqs. (44,45). This matrix has zero determinant, indicating the presence of a massless
eigenstate, namely the goldstino (η˜). Indeed, from Eq. (67) this eigenstate is η˜ =
(Ŝ+
√
2τ̂ )/
√
3, in agreement with our previous result in Eq. (46) (for 〈ψi〉 = 0). From
Eq. (67) it also follows that the orthogonal linear combination η˜⊥ = (
√
2Ŝ − τ̂)/√3,
and all of the ψ̂i get masses equal to the gravitino mass, i.e.,
mη˜⊥ = m3/2 , mψ̂i = m3/2 . (68)
4.5 A consistency check
In the previous three subsections we have computed all of the supersymmetry breaking
masses, in particular for the model with Ka¨hler potential given in Eq. (38). One can
then perform a consistency check of result for Q given in Eq. (39), since we can
calculate directly StrM2 = ∑j(−1)2j(2j + 1)M2j = 2Qm23/2. The masses of the
complex scalars (j = 0) are given in Eq. (64) and contribute to the supertrace (in
units of m23/2) in the amount of 2(nU2 + nU3 + nT1). The masses of the Majorana
fermions (j = 1/2) are given in Eqs. (66,68) and contribute −2(1 + nψ), whereas the
Majorana gaugino masses (given in Eq. (54)) contribute −2df . Finally the gravitino
contributes −4. Putting it all together gives Q = nU2 + nU3 + nT1 − nψ − df − 3,
which is the result found in Eq. (39) by less direct means.
4.6 A terms
The supersymmetry-breaking cubic scalar couplings (or A terms) are contained in
the term eGKI∂I lnW (plus hermitian conjugate) of the scalar potential in Eq. (19).
The main input required to evaluate these couplings is the value of KI for each of
the types of untwisted and twisted states. For the untwisted states these inputs are
given in Eqs. (51,52), i.e.,
Kψi = −ψi , Kα
(2)
i ≈ α(2)i , Kα
(3)
i ≈ α(3)i . (69)
For the twisted states in the model with Ka¨hler potential given in Eq. (38), the first
twisted set fields [β
(1)
i ] have the same functional dependence as the second and third
untwisted set fields [α
(2,3)
i ], and therefore the result is as above: K
β
(1)
i ≈ β(1)i . For the
second and third twisted set fields, an intermediate step in the calculation that yields
the result in Eq. (60) gives
Kβ
(2,3)
i ≈ K0τ τ¯K2 −K0τ¯K2τ
K0τ τ¯K2
β
(2,3)
i . (70)
Inserting the values for K0, K2 (Eq. (59)) one finds a zero result to first order, i.e.,
Kβ
(1)
i ≈ β(1)i , Kβ
(2)
i ≈ 0 , Kβ(3)i ≈ 0 . (71)
16
With the above results one can proceed to compute the A terms for all the types
of cubic couplings given in Eq. (10), with the field identifications given in Eq. (64).
The expression to manipulate is eGKI∂I lnW = e
G/2eK/2KI∂IW = m3/2e
K/2KI∂IW .
Since the cubic superpotential does not depend on S or τ , all we need to do is take
derivatives with respect to the untwisted and twisted matter fields. Each time one
such field is removed from a cubic coupling by the ∂IW operation, the correspond-
ing KI factor puts it back in restoring the original coupling, although a coefficient
(0, 1,−1) is picked up in this process. After summing over all fields in a given cubic
coupling, and over all cubic couplings one ends up with m3/2 c e
K/2W = m3/2 c Ŵ
where Ŵ (φ̂) = eK/2W (φ) is the superpotential written in terms of the properly nor-
malized fields, as discussed in Sec. 5. The constant c is common to all of the types of
cubic couplings in Eq. (10), and in fact c = 1, i.e.,
ψα(2)α(3) : −1 + 1 + 1 = 1
ψβ(1)β(1) : −1 + 1 + 1 = 1
α(2)β(2)β(2) : 1 + 0 + 0 = 1
α(3)β(3)β(3) : 1 + 0 + 0 = 1
β(1)β(2)β(3) : 1 + 0 + 0 = 1
(72)
Thus we conclude that for all cubic couplings
A = m3/2 . (73)
(In passing we note that in the old no-scale models, KI = {−[T + T¯ −CiC¯i],~0}, and
therefore A ≡ 0.)
4.7 µ and B
The possible origin of the low-energy Higgs mixing parameter µ (and its associated
supersymmetry-breaking bilinear coupling B) has been discussed in the literature for
some time. It is well-known that this term (µh1h2) must be present in the superpo-
tential, and have a magnitude comparable to all other dimensional parameters of the
low-energy theory. In the framework of string theory, where explicit mass parame-
ters are not present in the superpotential, the nature of the µ term is particularly
intriguing. Three scenarios have been put forward:
• The low-energy theory possesses an additional singlet field (N) which couples
to the two Higgs doublets (λNh1h2) and gets a vacuum expectation value which
effectively produces µ = λ 〈N〉 [27]. Even though such couplings proliferate in
fermionic string models, in all known instances the singlet fields are heavy and
decouple from the low-energy spectrum.
• The quadratic µ term arises as an effective non-renormalizable fourth- (or
higher) order term in the superpotential, i.e., 1
M
λ4HH¯h1h2 whereM ∼ 1018GeV
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is the string scale [28]. In this case µ = 1
M
λ4
〈
HH¯
〉
; for µ ∼ 1TeV, one requires〈
HH¯
〉1/2 ∼ 1011GeV which is typical of hidden sector matter condensates in
string models.
• The quadratic µ term is built into the theory through the Ka¨hler potential, and
becomes non-zero and of O(m3/2) upon supersymmetry breaking [19, 29, 6].
Let us first address the third scenario. From the calculation of the fermion
masses in Eq. (68) (m
ψ̂i
= m3/2) one could think that these may come from a su-
perpotential µ term, e.g., µψ̂ψ̂ with µ = 1
2
m3/2. However, Eq. (55) shows that the
corresponding scalar masses vanish (m˜
ψ̂i
= 0), a result apparently inconsistent with
the possible presence of a superpotential µ term. It turns out that things are more
intricate and the interpretation of a µ term is not inconsistent. What happens is
that one has to split the Ka¨hler function into two pieces, one which is absorbed into
the superpotential to provide the µ term as suggested in Refs. [19, 29, 6], and an-
other one which remains as part of the Ka¨hler function. The resolution to the puzzle
comes from realizing that these two pieces give equal and opposite contributions to
the squared scalar masses (but not to the fermion masses). Thus, such a Ka¨hler-
induced µ-term does break supersymmetry, even though it can be incorporated into
the superpotential.
Let us illuminate this result by studying a simple example in detail. Consider
the Ka¨hler potentialK = − ln[(τ+τ¯ )2−(ψ+ψ¯)2], which gives m˜
ψ̂
= 0 andm
ψ̂
= m3/2.
Let us expand the Ka¨hler function to first order in the ψ field
K ≈ − ln(τ + τ¯)2 + 2
(τ + τ¯ )2
ψψ¯ +
1
(τ + τ¯ )2
(ψψ + ψ¯ψ¯) . (74)
Ignoring the last term in this expression (to be absorbed into W ) the scalar mass can
be obtained from Eq. (62) with K0 = − ln(τ + τ¯)2 and K2 = 2/(τ + τ¯ )2. The result
is m˜2
ψ̂
= −m23/2. The last term in Eq. (74) can be lumped with the superpotential
W → WeK1ψψ ≈ W +WK1ψψ with K1 = 1/(τ + τ¯ )2. Proper normalization entails
multiplying W times eK/2, thus giving the new superpotential term eK/2WK1ψψ =
1
2
m3/2ψ̂ψ̂, where we have also properly normalized the ψ field.
7 We therefore get
µ = 1
2
m3/2, which leads to a superpotential fermion mass mψ̂ = 2µ = m3/2. This also
entails a superpotential scalar mass-squared m˜2
ψ̂
= 4µ2 = m23/2, which when added to
the Ka¨hler potential mass-squared found above gives the expected vanishing result.8
7This procedure can be easily generalized to what would be the case of interest with ψψ → ψ1ψ2,
as discussed in Ref. [30]. In SU(5) × U(1) free-fermionic models one finds ψ1 = 1√
2
(h1 + h2),
ψ2 =
−i√
2
(h1 − h2) with h1 (h2) a 5 (5) of SU(5) [20]. It follows that (ψ1 + ψ¯1)2 + (ψ2 + ψ¯2)2 =
2h1h2 + 2(h1h2)
∗ + 2h1h
∗
1
+ 2h2h
∗
2
and K1 = K2 = 2/(τ + τ¯ )
2. The new superpotential term is
µhˆ1hˆ2 with µ = m3/2, which gives m˜ĥ1
= m˜
ĥ2
= 0 and m
ĥ1ĥ2
= m3/2.
8Note that in principle the coefficients K1,K2 could be related in a different manner, with even
the K2 piece leading to a vanishing scalar mass (if K2 ∝ 1/(τ + τ¯ )) and to the so-called “super-soft”
supersymmetry breaking terms [31] which do not break supersymmetry.
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If this mechanism for generation of the µ term is present in realistic string
models, one has to be careful with its embedding into the traditional supergravity-
induced soft-supersymmetry-breaking parameters. For the squared scalar masses of
the Higgs doublets one normally writes (m21+µ
2)|H1|2+(m22+µ2)|H2|2. The Ka¨hler-
induced µ term has the property that m21 = m
2
2 = −µ2, which is what would need to
be used as initial conditions in the corresponding renormalization group equations.
(In practice we do not find this kind of µ term present in realistic string models, at
least involving the two Higgs doublets which are to remain in the light spectrum.)
Now let us consider the second mechanism for generating a µ term, namely via
a non-renormalizable coupling in the superpotential. Given such coupling we would
like to know what is the associated supersymmetry breaking B term. Essentially this
term arises in a very similar manner as the A terms discussed above, that is, from
the eGKI∂I lnW term in the scalar potential. There is one crucial difference: the
non-renormalizable couplings may need to be multiplied by powers of the Dedekind
eta function to restore modular invariance of the superpotential, as discussed after
Eq. (15). This possible new dependence on the moduli must be taken into account
when taken the derivatives of W . Let us first list the types of quartic and quintic
superpotential couplings in free-fermionic models. In the same spirit as the cubic
couplings given in Eq. (10), the types of higher-order couplings can be deduced from
Ref. [18],
Quartic couplings Quintic couplings
η0 [T (1)]2 [T (2)]2 η0 [T (1)]2 [T (2)]2 U (3) η0 [T (1)]3 T (2) T (3)
η0 [T (1)]2 [T (3)]2 η0 [T (1)]2 [T (3)]2 U (2) η2 [T (2)]3 T (1) T (3)
η2 [T (2)]2 [T (3)]2 η4 [T (2)]2 [T (3)]2 U (1) η2 [T (3)]3 T (1) T (2)
(75)
Next we need to determine if there is a modular weight imbalance, but this can only
be done in a specific class of models, such as the ones with Ka¨hler potential given in
Eq. (38). The modular weights are then given in Eq. (15). For every unit of modular
weight imbalance we multiply the non-renormalizable coupling by η2(τ), as indicated
in Eq. (75). Note that in some instances there is no modular weight imbalance. The
value of the corresponding B parameters can then be determined in analogy with the
procedure followed for the A terms, except when a power of ηp is present. In this case
one adds to the result the quantity
− (τ + τ¯ )(∂τηp)/ηp = p/2 + (τ + τ¯ )(p/4π)Ĝ2(τ) . (76)
With the use of Eqs. (69,71) one can determine the B parameters for each of the
types of quartic or quintic couplings, as follows (in units of m3/2)
Quartic couplings B
[β(1)]2 [β(2)]2 2
[β(1)]2 [β(3)]2 2
[β(2)]2 [β(3)]2 1 + τ+τ¯
2pi
Ĝ2(τ)
(77)
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Quintic couplings B Quintic couplings B
[β(1)]2 [β(2)]2 α(3) 3 [β(1)]3 β(2) β(3) 3
[β(1)]2 [β(3)]2 α(2) 3 [β(2)]3 β(1) β(3) 2 + τ+τ¯
2pi
Ĝ2(τ)
[β(2)]2 [β(3)]2 ψ 1 + τ+τ¯
pi
Ĝ2(τ) [β
(3)]3 β(1) β(2) 2 + τ+τ¯
2pi
Ĝ2(τ)
(78)
Concerning the calculated values of the B terms, we should note that Ĝ2(τ) ≈ pi23 (1−
24e−2piτ )−2π/(τ+τ¯ ) with Ĝ2(τ = 1) = 0 [25]. Also, for values of τ in the fundamental
domain (i.e., τ ≥ 1 if τ is real) Ĝ2(τ) ≥ 0. Therefore, the integer values of B shown
in Eqs. (77,78) are actually the minimum possible values.
5 Field normalizations and Yukawa couplings
The superpotential couplings in free-fermionic models are easily calculable in the
string basis. Moreover, in specific models the fermion Yukawa couplings have led
to structures which bear close resemblance to the observed hierarchical fermion mass
spectrum. On the other hand, results about the Yukawa couplings in the string model
are not necessarily directly related to those which would be observed at low energies.
The possible snag lies in the normalization of the fields in the supergravity lagrangian.
For the scalar fields the relevant term is
Kij∂µφi∂
µφ¯j . (79)
If the Ka¨hler potential (K) is non-trivial, then the scalar fields would need to be
normalized appropriately. If this effect propagates to the Yukawa couplings, the
physical ones may differ from those naively expected.
We seek a matrix A such that
φ = Aφ̂ , φ¯ = A¯̂¯φ , (80)
where φ̂, ̂¯φ are the properly normalized fields. From the condition ∂µφTK∂µφ¯ =
∂µφ̂
TATKA¯∂µ ̂¯φ = ∂µφ̂T∂µ ̂¯φ we obtain
A = (K−1/2)T , A¯ = K−1/2 . (81)
Here K−1/2 is the matrix obtained by taking the square root of KMN¯ , where KMN¯
has been used above in calculating, e.g., KI = KIJ¯KJ¯ . If K
−1/2 is obtained, one can
determine the physical Yukawa couplings (which couple properly normalized fields)
from the expression [30, 6]
λ̂ijk = e
K/2 (K−1/2)ii′ (K
−1/2)jj′ (K
−1/2)kk′ λi′j′k′ , (82)
where λijk are the couplings which appear in the superpotential of the string model.
That is, Ŵ (φ̂) = eK/2W (φ).
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Calculating the square root of a matrix can be a complicated task. Before we
attempt this, it is quite illuminating to consider the limit of small matter field vevs.
To leading order we only keep the diagonal contributions to KMN¯ , and obtain for the
untwisted matter fields
τ1, τ2 set : [K
−1/2](τ1,τ2) ≈ diag [(τ1 + τ¯1), (τ2 + τ¯2),
1√
2
(τ1 + τ¯1)
1/2(τ2 + τ¯2)
1/21nφ ] , (83)
τ set : [K−1/2](τ) ≈ diag [ 1√
2
(τ + τ¯ ), 1√
2
(τ + τ¯)1nψ ] , (84)
α set : [K−1/2](α) ≈ diag [1nI ] , (85)
where 1n is a vector with n unit entries. In the case of the model with Ka¨hler potential
given in Eq. (38), and in this same approximation, we obtain the explicit normalized
fields as follows
Ŝ =
S〈
S + S¯
〉 , τ̂ = √2 τ〈τ + τ¯〉 , ψ̂i =
√
2ψi
〈τ + τ¯〉 ; (86)
α̂
(2)
i = α
(2)
i , α̂
(3)
i = α
(3)
i , β̂
(1)
i = β
(1)
i ; (87)
β̂
(2)
i =
β
(2)
i
〈τ + τ¯ 〉1/2 , β̂
(3)
i =
β
(3)
i
〈τ + τ¯ 〉1/2 . (88)
Now let us determine the properly normalized cubic Yukawa couplings. From
Eq. (38) we have
〈
eK/2
〉
= 1/[(S + S¯)1/2(τ + τ¯)]. For the various types of cubic
couplings in Eq. (10) we write generically λ̂ = fλ, with the normalization factor f
given by
ψα(2)α(3) : eK/2 1√
2
(τ + τ¯) (1) (1) = 1
2
g
ψβ(1)β(1) : eK/2 1√
2
(τ + τ¯) (1) (1) = 1
2
g
α(2)β(2)β(2) : eK/2 (1) (τ + τ¯)1/2 (τ + τ¯ )1/2 = 1√
2
g
α(3)β(3)β(3) : eK/2 (1) (τ + τ¯)1/2 (τ + τ¯ )1/2 = 1√
2
g
β(1)β(2)β(3) : eK/2 (1) (τ + τ¯)1/2 (τ + τ¯ )1/2 = 1√
2
g
(89)
where we have used the result g2 = 1/ReS. We conclude that all the normalized
cubic Yukawa couplings are independent of the moduli,9 but depend on the dilaton
(or the gauge coupling).
Our assumption that theK−1/2 matrices are nearly diagonal can be justified by
studying some simple cases where the calculation can be done exactly. For instance,
let us take a τ set with nψ = 1, which amounts to a 2× 2 matrix. The two matrices
of relevance are
KMN¯ =
2
X2
(
a2 + b2 −4ab
−4ab a2 + b2
)
, K−1 = 1
2
(
a2 + b2 2ab
2ab a2 + b2
)
, (90)
9This property does not appear to allow the dynamical determination of Yukawa couplings via
the no-scale mechanism, as recently advocated [11, 32].
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where a = τ + τ¯ , b = ψ+ ψ¯, and X = a2− b2. From K−1 we can compute the square
root,
K−1/2 = 1√
2
(
a b
b a
)
, (91)
and therefore (
τ
ψ
)
= 1√
2
(
τ + τ¯ ψ + ψ¯
ψ + ψ¯ τ + τ¯
)(
τ̂
ψ̂
)
, (92)
which agrees with Eq. (84) in the limit
〈
ψ + ψ¯
〉
/ 〈τ + τ¯ 〉 → 0. However, the exact
expression allows us to study the possibility of moduli-matter mixing. For the all-
untwisted superpotential coupling λψααψαα, we find in an obvious notation
λ̂
ψ̂α̂α̂
=
1√
2
(τ + τ¯) λψαα
(S + S¯)1/2[(τ + τ¯)2 − (ψ + ψ¯)2]1/2 , (93)
λ̂τ̂ α̂α̂ =
1√
2
(ψ + ψ¯) λψαα
(S + S¯)1/2[(τ + τ¯)2 − (ψ + ψ¯)2]1/2 . (94)
The novelty here is a new (although small) Yukawa coupling between matter (α̂) and
moduli (τ̂) fields, of order λ̂τ̂ α̂α̂ = O[(ψ + ψ¯)/(τ + τ¯ )]. Otherwise, the results derived
above in the diagonal approximation are quite accurate.
The above exact calculation for nψ = 1 does not allow quantification of possible
matter-matter mixing through field normalizations. One can repeat the exercise for
nψ = 2 to study the magnitude of such mixings. The square root of such 3×3 matrix
can be readily obtained by the use of Sylvester’s formula [33]
P (U) =
n∑
r=1
P (λr)
∏
j 6=r
λjI − U
λj − λr , (95)
where U is the given matrix, P is the required operation (square root in our case),
and λr are the eigenvalues of U . Mathematica can be programmed to calculate K
−1/2
using Sylvester’s formula, but the result is messy. In the limit of interest we find, for
example
λ̂
ψ̂1α̂α̂
≈
1√
2
λψ1αα
(S + S¯)1/2
+
1√
2
λψ2αα
(S + S¯)1/2
 1√2(ψ1 + ψ¯1) 1√2(ψ2 + ψ¯2)
(τ + τ¯ )2
2 . (96)
The possible matter-matter mixing is therefore very small O[(ψ+ψ¯)/(τ+τ¯ )]4. Matter-
matter mixing through the Ka¨hler potential (as in the case of the µ term) or through
the superpotential are therefore the realistic possible sources of mixing. For nψ = 2
the matter-moduli mixing is also highly suppressed O[(ψ + ψ¯)/(τ + τ¯ )]2.
22
6 Possible realistic models
In the previous sections we have explored what consequences would string no-scale
supegravity models have regarding the soft-supersymmetry-breaking terms and the
low-energy Yukawa couplings. However, it remains to be shown that such models
actually exist, i.e., that the first postulate of string no-scale supergravity is satisfied.
Here we describe a search for such models, and the properties of any that may be
found.
6.1 The search for models
We have performed a computerized search of free-fermionic string models with the
desired properties. The two cases in Eq. (26) indicate that we should look for models
which effectively possess one untwisted set with moduli (a τ1, τ2 set or a τ set) and
the other two untwisted sets with all moduli projected out. As discussed in Sec. 3.1,
this determination should be done after the cubic superpotential of the model is
calculated, since we would discard “moduli” which have superpotential couplings.10
Let us consider the kind of truncations of the moduli space which could occur if
moduli have superpotential couplings. If we start off with a τ set, all that can happen
is that the modulus field appears inW , and therefore the set would effectively become
an α set. In the case of a τ1, τ2 set, if both fields appear in W we have an α set,
whereas if only one appears we have a τ set. In the latter case (τ1, τ2 set→ τ set) we
would perform the field redefinition in Eq. (14), instead of that in Eq. (13).
With the restriction that we obey Eqs. (26) after moduli present in W are
discarded, we have performed a search for free-fermionic models following the meth-
ods described in Ref. [16]. A free-fermionic model is specified by a basis of n basis
vectors of boundary conditions, plus an n × n matrix of GSO projections (the “k-
matrix”). Our search is based on the reasonable assumption that the basis vectors of
the fermionic model contain five “standard” vectors which have appeared in all known
models of this kind, these are denoted by 1, S, b1, b2, b3. Since we are interested in
models with SU(5)× U(1) observable gauge symmetry, we also assume the presence
of two other vectors (b4, b5) which have been used in the two SU(5) × U(1) string
models in the literature [14, 16]. The eighth and last vector, called α, is decisive.
In Ref. [16] this vector was allowed to take all possible values consistent with the
free-fermionic model-building rules. In addition, the k-matrix was varied at random.
This search was specifically focused on finding models which allow unification of the
low-energy gauge couplings at the string scale. As such, the model had to contain five
10’s and two 10’s of SU(5) (a “5/2 model”), as opposed to the original “revamped”
model which is a “4/1 model”. In fact, one such 5/2 model was found, which we will
call the “search” model. The “search” model is in fact an example of a class of 5/2
models, with slightly varying properties.
10Note that even if a field appears in the superpotential, it may still be a flat direction if the
fields coupled to it conspire in the appropriate way. In what follows we disregard such exceptional
possibilities.
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Our purpose here is somewhat different, since the search is more constrained.
We seek either 4/1 or 5/2 models with a single effective untwisted τ1, τ2 or τ set (and
two effective untwisted α sets). Our search procedure consists of picking representa-
tive α vectors and varying the k-matrix at random.
• α = αsearch. In 10,000 k-matrices we find ∼ 6% N = 1 supersymmetric models,
of which 19 are 5/2 models and none are 4/1 models. All these models possess
two τ1, τ2 sets and one α set, since untwisted (Neveu-Schwarz) states like the
moduli depend only on the choice of basis vectors, and not on the k-matrix. Cal-
culation of the cubic superpotential reveals that the 5/2 models divide into two
“Yukawa sets”: 1/3/2 and 2/3/2,11 with the 2/3/2 case preferred phenomeno-
logically [16]. Moreover, we discover that all models with the 1/3/2 Yukawa
set have their τ1, τ2 sets broken down to τ sets, whereas all the models with
the preferred 2/3/2 Yukawa set have one τ1, τ2 set broken to an α set and the
other τ1, τ2 set broken to a τ set. Therefore, the 2/3/2 models (like the “search”
model) possess precisely the desired moduli content. (The 1/3/2 models give
V0 > 0.) Schematically
5/2 models
α = αsearch

Yukawa sets Moduli V0
1/3/2

τ1τ2 → τ
τ1τ2 → τ
α→ α
V0 > 0
2/3/2

τ1τ2 → τ
τ1τ2 → α
α→ α
V0 = 0
(97)
• α = αrevamped. In 5,000 k-matrices we find 41 4/1 models and no 5/2 models.
All these models contain one τ1, τ2 set and two τ sets. The 4/1 models come
with two possible Yukawa sets (1/3/3 and 2/3/3, the latter is preferred), and
in all instances we find that the τ sets are unbroken, whereas the τ1, τ2 set is
broken to an α set, i.e.,
4/1 models
α = αrevamped

Yukawa sets Moduli V0
1/3/3
2/3/3

τ1τ2 → α
τ → τ
τ → τ
V0 > 0
(98)
• α = α3a. We choose two other α vectors which belong to “class 3a” in the
notation of Ref. [16]. Models with α vectors in this class are expected to be
4/1 models (αrevamped belongs to this class). We obtain the same result as in
Eq. (98).
11An “m/n/p Yukawa set” includes m potential up-quark like Yukawa couplings, n potential
down-quark like Yukawa couplings, and p potential charged-lepton Yukawa couplings [16].
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• α = αprice. Unlike our previous choices for α, αprice (introduced in Ref. [34])
produces both 4/1 and 5/2 models. In this case the three sets are τ sets and
the three moduli appear in the superpotential, i.e.,
5/2, 4/1 models
α = αprice

Moduli V0
τ → α
τ → α
τ → α
V0 < 0
(99)
These models are not realistic, but we consider them since we want to establish
a connection between the value of V0 and the 4/1 or 5/2 nature of a model.
• Change b4, b5. We finally allow for changes in the core basis, in addition to
varying α. In this case 4/1 and 5/2 models are found, although very unappealing
ones (e.g., with no Yukawa couplings!). Nonetheless, a sample case yields
5/2, 4/1 models
change b4, b5

Moduli V0
τ → τ
τ → τ
τ → α
V0 > 0
(100)
The above search for models, although limited in extent, provides support for the
following
Conjecture : 4/1 models always give V0 6= 0 . (101)
This would imply that a necessary condition for SU(5)× U(1) string no-scale super-
gravity models is a 5/2 field content. This condition is consistent with the string-
theory nature of the model which requires unification at the string scale, which can
be accomplished in a 5/2 model. Moreover, a realistic model which satisfies the pos-
tulates of string no-scale supergravity already exists, namely the “search” model of
Ref. [16].
6.2 A realistic example
As we just saw, the “search” model of Ref. [16] is a good candidate for a string no-scale
supergravity model, with a single effective untwisted τ set and a Ka¨hler potential of
the general form given in Eq. (38). With this information it should be possible to
get a good idea of what the spectrum of sparticles may look like. First of all, we
note that any model of this kind would be a no-parameter model [35]. That is, the
whole supersymmetric spectrum would be unambigously determined. Indeed, with
the ability to compute all soft-supersymmetry-breaking parameters (including µ and
B) in terms of m3/2, the high-energy theory would be determined up to the value
of m3/2. At low energies one new parameter arises, namely tan β, but one also has
two radiative electroweak symmetry breaking conditions which therefore allow one to
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determine m3/2 and tan β. The no-scale mechanism can then be used to compute the
quantity C in Eq. (7). Thus, if the radiative breaking conditions can be solved, we
would have a complete determination of the sparticle spectrum. In this exercise the
top-quark mass is not an independent parameter: the top-quark Yukawa coupling at
the string scale is a hallmark prediction of string models [36],12 and the value of tanβ
would be self-consistently determined by the radiative breaking conditions.
Let us first address the question of the value of Q in the “search” model of
Ref. [16]. The formula in Eq. (39) isQ = nU2+nU3+nT1−nψ−df−3. The gauge group
is SU(5)× SO(10)× SU(4)× U(1)6 which gives df = 90. The number of untwisted
and twisted fields is: nψ = 13, nU2 = 14, nU3 = 16 and nT1 = 80, nT2 = 80, nT3 = 68,
where we count p-dimensional representations of the gauge group as p. Putting it all
together gives
Q = 14 + 16 + 80− 13− 90− 3 = 110− 106 = 4 , (102)
which is remarkably close to the desired zero result (c.f., if all terms were to be
added in magnitude, we are off by 2%).13 Pragmatically speaking Q 6= 0 and a
destabilizing one-loop correction to the scalar potential is expected. However, given
our incomplete knowledge of string dynamics (e.g., the role played by the anomalous
UA(1)) and of additional contributions to Q from massive string states [6] and string
loop corrections, we are not ready to discard this model hastily. For instance, if the
one-loop corrections to the gaugino masses (see Eq. (53)) increased them by 4.4%,
we would obtain Q = 0. Such small string one-loop shifts on the scalar and gaugino
masses are expected and quantify our statement that Q = 4 is a “small” number. We
will therefore proceed exploring the manifold observable implications of this model,
carrying the Q = 4 result as a warning flag.
Considering the spectrum of the “search” model of Ref. [16], the various rele-
vant observable fields (and the sets they belong to) are as follows
Set Untwisted fields Twisted fields
First Φ0,Φ1; h1, h¯1 F0, F1, F4, F¯4
Second h2, h¯2 F2, f¯2, l
c
2; F¯5, f¯5, l
c
5
Third Φ3,Φ5; h3, h¯3 F3, f¯3, l
c
3; h45, h¯45
(103)
The possible moduli are Φ0,1,3,5, of which all but Φ1 appear in the cubic superpotential
(given in Eq. (6.3a) in Ref. [16]). Therefore, the first set is a τ set, whereas the other
two are α sets. In Ref. [16] it was argued that F4 = {Q4, dc4, νc4} should contain the
third generation squarks, whereas F0, F1, F¯4 contain either Higgs particles or interme-
diate scale particles, therefore the first and second generation squarks and sleptons
belong to the second and third twisted sets. Moreover, the light Higgs boson doublets
12When considering a Yukawa coupling at the string scale, care must be taken to include any
normalization factors that may arise, as discussed in Sec. 5 especially in Eq. (89).
13In contrast, the second paper in Ref. [3] presents a model with zero vacuum energy where
Q = −272. Also, in the “revamped” model [14], for the value of V0 closest to zero (it cannot be
exactly zero), we get Q = −83.
26
are located inside h1 and h¯45, which in the usual notation correspond toH1, H2 respec-
tively. Contrasting Eq. (103) with the general result for the scalar masses in this class
of models in Eq. (64) we obtain the following spectrum of supersymmetry-breaking
scalar masses:
First generation : m2Q1,Uc1 ,Dc1,L1,Ec1 = 0 , (104)
Second generation : m2Q2,Uc2 ,Dc2,L2,Ec2 = 0 , (105)
Third generation :
{
m2Q3,Dc3 = m3/2
m2Uc3 ,L3,Ec3 = 0
, (106)
Higgs masses : m2H1 = 0, m
2
H2
= 0 . (107)
We also know that the gaugino masses are degenerate m1/2 = m3/2 (see Eq. (54)),
and that the A parameter is universal A = m3/2 (see Eq. (73)). The µ parameter is
expected to arise at the quintic level in the superpotential (no suitable terms exist at
the quartic level). Since one of the light Higgs doublets belongs to the first untwisted
set (h1) and the other one to the third twisted set (h¯45), Eq. (75) singles out only
one possible type of quintic term: [β(2)]2 [β(3)]2 ψ. Moreover, from Eq. (78) we get
B = [1 + τ+τ¯
pi
Ĝ2(τ)]m3/2, which has a minimum at B = m3/2. In sum, without
identifying the specific quintic term giving rise to µ, we can nonetheless predict the
corresponding B parameter. Therefore, our no-parameter model reduces in practice
to a one-parameter model until we compute such a quintic term.
An important ingredient in the viability of our candidate model is that the
extra (10,10) matter representations have suitable masses to allow gauge coupling
unification at the string scale. In fact, the Q and Dc components of these representa-
tions should acquire different masses (∼ 1012GeV and ∼ 106GeV respectively [37]),
but this is allowed since SU(5)× U(1) is broken at the string scale. Morever, the Q
mass scale is determined by an effective superpotential mass term, whereas the Dc
mass scale is obtained by working out the eigenvalues of the extended Higgs triplet
mass matrix [16].
To summarize, the above candidate model has several notable properties: (i)
a Q parameter tantalizingly close to zero, (ii) a benign non-universal spectrum of
supersymmetry-breaking scalar masses which bears close resemblance to the old “no-
scale” result, (iii) a universal trilinear term A = m3/2, (iv) a µ parameter at the quintic
level of superpotential interactions associated with B ≥ m3/2, and (v) extra 10,10
representations dynamically required and likely to possess the desired mass spectrum.
The low-energy consequences of this model will be explored in detail elsewhere [35].
7 Conclusions
In this paper we have explored the postulates of string no-scale supergravity in the
context of free-fermionic string models. These postulates are not trivially satisfied,
and in fact impose important new restrictions on string model building. In particular
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the moduli sector should be rather minimal, and the massless matter spectrum and
gauge group should be correlated in a way such that the parameter Q vanishes. We
have given plausibility arguments indicating that this condition may be possible to
satisfy in specific models, and in fact presented a model where Q is very close to
zero. For all (untwisted and twisted) matter fields we have computed explicitly the
associated supersymmetry breaking parameters. Models of this kind are in fact “no-
parameter” models, with all needed masses and couplings completely determined.
A search for free-fermionic models which satisfy the minimal necessary conditions
yielded one candidate model with the SU(5) × U(1) observable gauge group, calcu-
lated novel supersymmetry breaking parameter space, and several desirable properties
regarding the stability of the no-scale mechanism. This search also appears to imply
that viable SU(5) × U(1) models always contain additional matter representations
that allow unification at the string scale.
It is interesting to remark that the models studied in this paper possess a
goldstino composition with significant admixtures of both “dilaton” and “moduli”.
This hybrid scenario borrows desirable features from the two extremes, where either
one or the other dominates the goldstino field. From the dilaton admixture we get a
tree-level contribution to the gaugino mass, and from the moduli admixture (or more
properly old no-scale) we get universality of scalar masses in the subset of fields where
it is desired.
We should also note that the no-scale supergravity realized in free-fermionic
models [SO(2, n)/SO(2)× SO(n)] differs in structure from that in the old no-scale
models [SU(n, 1)/U(1)×SU(n)]. The effects of the different structures is most evident
in the computation of the vacuum energy and in the computation of the supersym-
metry breaking parameters.
Throughout our discussion we have said little about the supersymmetry break-
ing mechanism which creates 〈W 〉 6= 0, thus implicitly assuming that its precise nature
would not affect our results. In gaugino condensation models, the non-perturbative
superpotential depends explicity on S and fixes its value, but this S-dependence is
likely to also affect the calculation of V0. Nonetheless, it may be possible to retain
all the desirable no-scale supergravity properties [6]. In coordinate-dependent com-
pactifications we expect our results to hold since W=constant, although here the
question is: what determines S? The no-scale mechanism extended to the S field
would appear to answer this question. A third possibility to obtain 〈W 〉 6= 0 ap-
pears possible in models with an anomalous UA(1). In this case various singlet fields
would acquire vacuum expectations values 〈φ〉 /M ∼ 1/10 and a cubic term in the
superpotential would give 〈W 〉 = (〈φ〉 /M)3 ∼ 10−3, if the flatness conditions can
be simultaneously satisfied. The crucial question in the phenomenologically viability
of these supersymmetry breaking mechanisms is the whether the calculated value of
m3/2 is of electroweak scale size, since all supersymmetry-breaking parameters are
proportional to m3/2.
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A Field redefinitions
As discussed in Sec. 3, the modular properties of the theory are evident in the su-
pergravity basis, while the direct string calculations are in the string basis. Here we
discuss how one goes from one basis to the other, or more specifically, how Eqs. (13)
and (14) are obtained from Eq. (12). Our purpose is to identify a transformation
which leaves the Ka¨hler function (G) invariant. In this way all results which fol-
low from it will not depend on the transformation. Some discussion of the relevant
transformation has been given in Ref. [38].
The main observation is that the two forms of the untwisted Ka¨hler potential
are simply two different parametrizations of the metric for the same coset space:
SO(2, n)/SO(2) × SO(n). Following Gilmore [39], we introduce complex variables
tj = xj + iyj with 1 ≤ j ≤ n+2, which describe the coset space of dimension 2n (two
of the variables are auxiliary). The first parametrization is in terms of the variables
αj
αj =
tj
tn+1 − itn+2 , 1 ≤ j ≤ n , (108)
which have the following properties [39]∣∣∣∣∣∣
n∑
j=1
α2j
∣∣∣∣∣∣ < 1 , (109)
Y (α) = 1− 2
n∑
j=1
αjα¯j +
∣∣∣∣∣∣
n∑
j=1
α2j
∣∣∣∣∣∣
2
=
4
|tn+1 − itn+2|2 > 0 . (110)
This parametrization corresponds to that given in Ref. [20] and used in Eq. (12).
In fact, Y (α) is the argument of the logarithm in the Ka¨hler potential. The second
parametrization is in terms of the variables βk
βk =
tk
t1 − tn+2 , 2 ≤ k ≤ n+ 1 , (111)
which have the property
Y (β) =
n∑
k=2
(βk − β¯k)2 − (βn+1 − β¯n+1)2 = 4|tn+2 − t1|2 > 0 . (112)
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Performing the phase transformation βk → iβk, we get
Y (β)→ Y (β) = (βn+1 + β¯n+1)2 −
n∑
k=2
(βk + β¯k)
2 , (113)
which reproduces Eq. (14) with the identifications βn+1 → τ , βk → ψk. Moreover, we
can rewrite Eq. (113) as follows
Y (β) = (βn+1 + β¯n+1)
2 − (βn + β¯n)2 −
n−1∑
k=2
(βk + β¯k)
2
= (τ1 + τ¯1)(τ2 + τ¯2)−
nφ∑
i=1
(φi + φ¯i)
2 (114)
where the second equality follows from the identifications βn+1+βn → τ1 and βn+1−
βn → τ2. This result reproduces Eq. (13).
We now show that the transformation α ↔ t ↔ β leaves G unchanged. Let
us write eG as follows
eG =
|W |2
Y0Y1Y2Y3
=
λijkλ
∗
i′j′k′
Y0
α
(1)
i α¯
(1)
i′
Y1(α)
α
(2)
j α¯
(2)
j′
Y2(α)
α
(3)
k α¯
(3)
k′
Y3(α)
, (115)
where Y0 = (S+ S¯), Y1,2,3 = e
−K(1,2,3) with the K’s in Eq. (12), and the superpotential
is W = λijkα
(1)
i α
(2)
j α
(3)
k . Now we note that from Eqs. (111),(112) we can write
βiβ¯i′
Y (β)
=
titi′
|t1 − tn+2|2 ·
|tn+2 − t1|2
4
= 1
4
tit¯i′ , (116)
whereas from Eqs. (108),(110) we can write
αiα¯i′
Y (α)
=
titi′
|tn+1 − itn+2|2 ·
|tn+1 − itn+2|2
4
= 1
4
tit¯i′ . (117)
Therefore we conclude that βiβ¯i′/Y (β) = αiα¯i′/Y (α), and thus Eq. (115) shows
that eG remains invariant when written in terms of the β variables. Note that the
transformation involves the Ka¨hler potential and the superpotential, and that the
superpotential has the same couplings when written in terms of the β variables. It
appears unnecessary to relate the α to the β variables directly (i.e., eliminating t),
although this has apparently been done in Ref. [38].
B Example of twisted sector Ka¨hler potential
The twisted sector contribution to the Ka¨hler potential in free-fermionic models was
calculated in Ref. [21] for a simple model with N = 1 spacetime supersymmetry and
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fermionic basis B = {1, S, b1, b2, b3}. This model has only three (massless) twisted
sectors: b1, b2, b3. The result, obtained to lowest order in the twisted fields, is
KTS =
nT1∑
i
β
(1)
i β¯
(1)
i e
1
2
[K(2)+K(3)] +
nT2∑
i
β
(2)
i β¯
(2)
i e
1
2
[K(1)+K(3)] +
nT3∑
i
β
(3)
i β¯
(3)
i e
1
2
[K(1)+K(2)]
(118)
where β(1,2,3) are the twisted fields (numbering nT1,T2,T3) in the b1,2,3 sectors, and
K(1,2,3) are the contributions to the Ka¨hler potential from the untwisted fields as
given in Eq. (12). Realistic free-fermionic models contain more basis vectors and a
great deal more massless twisted sectors. For instance, the “search” model discussed
above has basis B = {1, S, b1, b2, b3, b4, b5, α} and 22 massless twisted sectors. Despite
this enlargement of the model, we conjecture that the structure of the twisted sector
Ka¨hler potential remains as simple as in Eq. (118) once we generalize the concept of
twisted sector to “twisted set” with the meaning given in Sec. 3.1. In what follows we
prove this conjecture by explicit calculation in the context of the “search” model.14
We start by listing all of the massless states of the model divided into untwisted
and twisted fields and by the set they belong to
Set Untwisted fields Twisted fields
Φ0,Φ1 F0, F1 [b1]
First Φ23, Φ¯23 F4, F¯4
h1, h¯1 F˜3,
˜¯F 1,2,4, D1,2,5,6
η1, η¯1 F2, f¯2, l
c
2 [b2]
Second Φ31, Φ¯31 F¯5, f¯5, l
c
5
h2, h¯2 F˜1,5,6,
˜¯F 3, D3,7, T1,3
Φ3,Φ5 F3, f¯3, l
c
3 [b3]
Third η2, η¯2 h45, h¯45
Φ12, Φ¯12 φ45, φ¯45, φ
+, φ¯+, φ−, φ¯−, φ3,4, φ¯3,4
h3, h¯3 F˜2,4,
˜¯F 5,6, D4, T2
(119)
(The [b1,2,3] that appear next to some states indicates that these states belong to that
particular twisted sector.) With the exception of Φ0,1,3,5, the above fields carry charges
under SU(5)×SU(4)×SO(10) and various U(1) symmetries: Φ23,31,12, Φ¯12,31,12, η1,2, η¯1,2
and φ45, φ¯45, φ
+, φ¯+, φ−, φ¯−, φ3,4, φ¯3,4 are gauge singlets; F0,1,2,5 (F¯4,5) are 10 (10) un-
der SU(5), f¯2,3,5 (l
c
2,5,3) are 5 (1) under SU(5); F˜1,2,3,4,5,6 (
˜¯F 1,2,3,4,5,6) are 4 (4) under
SU(4), and D1,2,3,4,5,6,7 are 6 under SU(4); T1,2,3 are 10 under SO(10).
To verify our conjecture (at least to lowest order) we work in the string basis
and expand the exponentials in Eq. (118) to first order in the untwisted states: K(I) ≈
14For a more general discussion of twisted sector Ka¨hler potentials in fermionic models see Ref. [22].
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∑nI
i α
(I)
i α¯
(I)
i . We end up with generic terms of the form
β
(I)
i β¯
(I)
i +
1
2
β
(I)
i β¯
(I)
i
∑
j
[
α
(J)
j α¯
(J)
j + α
(K)
j α¯
(K)
j
]
, (120)
where J,K 6= I. To verify the presence of the quartic term with the 1
2
coefficient we
need to compute string scattering amplitudes of the type
〈
β
(I)
i β¯
(I)
i α
(J)
j α¯
(J)
j
〉
, which
should exhibit a term proportional to s (in fact (g4/4) (s/2)). This type of calculations
have been performed in detail in Ref. [20]. Here we give the new results of interest
and point out subtleties that need to be dealt with in the process.
To verify the old result in Ref. [21], we need to pick β’s from the twisted sectors
b1,2,3 (see Eq. (119)). For instance, for α
(1) = Φ23 and β
(1) = F0,1 we find
〈
F0,1Φ23Φ
†
23F
†
0,1
〉
=
g2
4
su
t
, (121)
which exhibits no term ∝ s since both α and β belong to the same set. The su/t
term is just the expected graviton exchange contribution. There are no further con-
tributions since F0,1 and Φ23 do not have any U(1) charges in common (i.e., no “D
terms”) or appear in the same superpotential coupling (i.e., no “F terms”).15 Now
let us consider α(2) = Φ31, Φ¯31 and β
(1) = F0,1,
〈
F0,1Φ31Φ
†
31F
†
0,1
〉
=
g2
4
[
s
2
+
su
t
+ 2 ln 2s
]
− g
2
2
(
s− u
t
− 1
)
, (122)
〈
F0,1Φ¯31Φ¯
†
31F
†
0,1
〉
=
g2
4
[
s
2
+
su
t
− 2 ln 2s
]
+
g2
2
(
s− u
t
− 1
)
. (123)
In these expressions we see the expected graviton exchange term (∝ su/t) and also
the contact term (g2/4)(s/2), signaling the non-trivial quartic coupling in the Ka¨hler
function (see Eq. (120)). The last term is just a “D term”: under a common U(1)
F0,1 carry −1/2 charge, whereas Φ31 (Φ¯31) carries +1 (−1) charge, which give D =
−1
2
|F0,1|2 + |Φ31|2 − |Φ¯31|2. Therefore, we expect gauge boson exchange [∝ (s− u)/t]
and a contact term from −g2
2
D2, all evidently present in Eqs. (122,123). We do not
expect an “F term” since there is no superpotential coupling involving these fields.
The last matter concerns the disturbing term ∝ 2 ln 2s. In Ref. [20] it was shown
that the proper coordinates in which to write the untwisted sector Ka¨hler function
may be linear combinations of the string coordinates, in this case χ1 =
1√
2
(Φ31+Φ¯31)
and χ2 =
−i√
2
(Φ31 − Φ¯31). The amplitudes to consider are then
〈
F0,1χ1,2χ
†
1,2F
†
0,1
〉
=
1
2
〈
F0,1Φ31Φ
†
31F
†
0,1
〉
+ 1
2
〈
F0,1Φ¯31Φ¯
†
31F
†
0,1
〉
= g
2
4
[s/2+su/t], which is the expected result.
Continuing in this fashion one can calculate all of the terms of the form (120),
where the β’s come exclusively from the b1,2,3 sectors. In each instance one can
15A listing of all U(1) charges associated with the fields in Eq. (119) is given in Table 4 in Ref. [16];
the cubic and quartic superpotential is given in Eq. (6.3) of this same reference.
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account for all pieces of the amplitudes, thus confirming the old result in Ref. [21].
We have conjectured that this result can be extended to all states in the spectrum.
This conjecture has been verified explicitly for all twisted sectors in this model. For
instance, consider α(1) = Φ0 and β
(1) = F4,
16
〈
F4Φ0Φ
†
0F
†
4
〉
=
g2
4
su
t
− g
2
2
. (124)
According to our conjecture, in this case we do expect a term ∝ s since both fields
belong to the first set. We also get the usual graviton exchange term, and a contact
term −g2/2. This latter is an “F term” originating from the superpotential coupling
1
2
g
√
2F4F¯4Φ0. Another example would be to take α
(2) = Φ31, Φ¯31 and β
(1) = F4. The
result in this case is identical to that in Eqs. (122,123); repeating the subsequent
discussion shows the appearance of the term ∝ s, as conjectured. A lot more of these
brute force calculations shows that the conjecture holds for all states in the massless
spectrum. That is, in Eq. (118) one is to intepret β(I) as fields belonging to the I-th
set as defined in Eq. (9).
We should add that we have also verified the results of Ref. [20] for the un-
twisted sector of the “search” model. The novelty here is that some of the untwisted
singlet fields (some of the presumed moduli) have superpotential couplings (in fact
Φ0,3,5), a feature that does not alter the structure of the Ka¨hler function derived in
Ref. [20]. We have also repeated the above exercise (and therefore proven our conjec-
ture) for the “revamped” model of Ref. [14]. For remarks regarding the generality of
these results see Ref. [22].
In the main text we have used the twisted sector contribution to the Ka¨hler
potential to write down Eq. (38). In this case we have one untwisted set which is a
τ set, and the other two are α sets. In Eq. (38) the two α sets have been expanded
to first order in α
(2,3)
i . The same expansion has been carried out in the exponents
in Eq. (118), reducing it to unity for the first twisted set, and to the square-root
of the argument of the ln in the first untwisted set Ka¨hler potential. Equation (38)
then follows immediately. We should remark that these various approximations in
calculating the Ka¨hler function are immaterial as far as the observable quantities
which we have calculated are concerned.
16This amplitude involves the Ising model correlator 〈σffσ〉 = 1
2
|z∞|−1/4[4(1 − z)−2 + z−1]1/2,
which has been calculated using the methods of Ref. [18].
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